The identification of the cell junction-forming proteins connexin-43, a gap junction protein and E-cadherin, which is a component of adherent junctions, in the corpus luteom of both humans and baboons suggests that cell-cell interactions and metabolic cooperation must occur in this tissue. Occluding junctions are a third type of junction which form a physical barrier between cells. Thus, our aims in this study were firstly to examine the presence of the tight junction-associated protein zonula occludens-1 (ZO-1) by immunohistochemistry, and secondly to determine the concentrations of this protein in the early, mid-and late hiteal phase baboon corpora lutea of the menstrual cycle by a Western analysis. ZO-1 was localized mainly at the periphery of the luteal cells, and the intensity of immunoreactivity varied through the luteal phase, with comparatively stronger immunoreactivity in the mid-luteal phase than the early and late luteal phases. Atretic corpora lutea were devoid of activity. By Western analysis, bands of immunoreactivity were observed at 225 kDa, further confirming the presence of the protein. Maximum activity, as determined by densitometry, was observed in the midluteal phase. These data infer the presence of tight junctions in the corpus luteum and suggest that expression of the ZO-1 protein forming these junctions may be hormonally regulated within this tissue.
Introduction
The main role of the corpus luteum is to synthesize and secrete progesterone in sufficient quantities to prepare the uterine endometrium to accept the blastocyst should conception occur (Short, 1977) . Although the corpus luteum is composed of a large number of cell types (O'Hara et al, 1987; Jones, 1990; Brannian and Stouffer, 1991a,b; Fritz and Fitz, 1991; Lei et al., 1991; Fairchild et al, 1993; Stouffer and Brannian, 1993) , the interaction of these cells in the synthesis of steroids and in mechanisms regulating their synthesis and secretion are not completely understood despite intensive investigations (Stouffer and Brannian, 1993) . However, it has been established that in most species the parenchyma of the corpus luteum is composed of two types of steroidogenic cells which are morphologically and biochemically distinguishable: the large luteal cell and the small luteal cell, both secreting progesterone under basal conditions, but only one cell type in any one species is responsive to the endocrine modulator, luteinizing hormone (LH) (Yen, 1986; O'Hara et al., 1987) . In the human corpus luteum, the small cells are responsive to LH (O'Hara et aL, 1987) , whereas in the rhesus monkey the large cells are responsive (Brannian and Stouffer, 1991b) . Our observations in the baboon show that small cells respond to acute LH stimulation, although both cell types secrete progesterone under basal conditions (Khan-Dawood et al, 1995) . Also of interest is the observation that the total progesterone secreted by a mixed population of large and small luteal cells is significantly greater than when large and small baboon cells are cultured separately (Khan-Dawood et al, 1995) . This evidence leads to the speculation that cell-cell interaction and cooperation must occur in the corpus luteum for the harmonious synthesis of sufficient quantities of progesterone needed for the preparation of the endometrium. To investigate whether communication and therefore 'information trafficking' occur between the various cell types, gap junctions and the associated protein connexin-43 have been identified in both human and baboon corpora lutea (Khan-Dawood et al, 1996a ). An examination of the concentrations of the protein in corpora lutea from the early, mid-and late luteal phases of the baboon menstrual cycle indicates that connexin-43 may be hormonally regulated because a variation in protein concentrations was observed with maximum values seen in the mid-luteal phase. The calcium-dependent molecule E-cadherin (a component of adherent junctions) and associated proteins B-catenin and plakoglobin (the cytoplasmic components of adherent junctions) were also immunolocalized in baboon corpora lutea. The salient observation of these studies was that E-cadherin concentrations in the early luteal phase were significandy higher than those observed in the mid-and late luteal phases (Khan-Dawood et al, 1996) . These observations lend further support to the hypothesis that cells from the corpus luteum must communicate in the production of progesterone. Interestingly, in the atretic corpus luteum, which secretes little progesterone, connexin-43 protein, connexin-43 mRNA and E-cadherin were not detectable.
In this study our aims were to examine the presence of the tight junction-associated protein zonula occludens-1 (ZO-1) in baboon corpora lutea and to determine the concentrations of this protein in the early, mid-and late luteal phases of the menstrual cycle. 
Materials and methods

Tissues
Baboon corpora lutea were obtained from a group of 12 adult cycling baboons (Papio anubis) with well-defined menstrual cycles and weighing 14-17 kg. The study was approved by the Review Board for Animal Experimentation, University of Texas Health Science Center at Houston, TX, USA and was carried out in accordance with the principles and procedures described in the guide for the care and use of laboratory animals, as approved by the National Institutes of Figure 4 . Localization of zonula occludens-1 (ZO-1) protein in an atretic corpus luteum. An immunopositive reaction at cell-cell borders was not observed (original magnification X40).
Health . The baboons were kept in individual cages and in air-conditioned rooms. They were fed monkey chow and water ad libitum. Their menstrual cycles were monitored daily by the appearance and score of their perineal tumescence and serum progesterone concentration following deturgescence. The day of perineal deturgescence was equated to the day of the LH surge. Days +1 to +5 after the LH surge were classified as the early luteal phase, days +6 to + 10 after the LH surge were the mid-luteal phase and days +11 to + 15 after the LH surge were the late luteal phase. Luteectomies were performed as described previously (Khan-Dawood et al, 1988) . A total of 15 corpora lutea, four each from the early, mid-and late luteal phases, and three atretic corpora lutea were obtained for our experiments. Baboon cardiac muscle and liver were used as positive control tissue.
Antibody
The rabbit anti-ZO-1 antibody was obtained from Zymed Laboratories, Inc. (San Francisco, CA, USA). This is an affinity purified antiserum raised against a 69 kDa fusion protein (Willott et al, 1993) , corresponding to amino acids 463-1109 of human ZO-1 cDNA (Willott et al, 1992) , which recognizes the ZO-1 a + isoform. Horseradish peroxidase-labelled secondary antibody goat anti-rabbit immunoglobulin IgG (affinity purified) was obtained from Transduction Laboratories (Lexington, KY, USA).
Immunocytochemical localization of ZO-1
Tissues were fixed in Bouin's solution (Sigma Chemical Co., St Louis, MO, USA) and processed for immunohistochemistry. Nonspecific effects were blocked by treatment of the tissue sections with 2% pre-immune rabbit serum, and the primary antibody was used at a dilution of 1:100. Finally the antigens were localized using 3,3'-diaminobenzidine as substrate (Sigma Chemical Co.). The secondary antibody (goat anti-rabbit IgG) was used at a dilution of 1:250. The sections were counterstained with Harris haematoxylin (Richard-Allan Med., Richland, MI, USA; Khan-Dawood, 1987) . Control tissues consisted of baboon heart and liver. In each experiment, parallel tissues in which the primary antibody was omitted were also included.
Analysis of ZO-1 protein concentrations by a Western analysis
The presence and concentrations of ZO-1 protein in corpora lutea were determined by a Western analysis of the membrane fraction of the corpora lutea (Khan- Dawood et al, 1996b) . Fresh tissue was homogenized in five volumes of sucrose-3-A L morpholino-propanesulphonic acid (MOPS) buffer, pH 7.2 (Sigma Chemical Co.), consisting of 250 mM MOPS, 20 mM sucrose, 1 mM phenylmethylsulphonyl fluoride, 2 mM dithiothreitol and 1 mg/ml trypsin inhibitor using a polytron P-10 homogenizer. Following centrifugation at 800 g for 10 min, the supernatant was recentrifuged at 100 000'g for 60 min in a Beckman L7-Ultracentrifuge (Beckman Instruments Inc., Palo Alto, CA, USA). Protein was determined in each tissue fraction (Lowry et al, 1954) . Electrophoresis of each sample (10 u.g protein) was performed according to Laemmli (1970) . Samples were heated for 5 min at 95°C and analysed by sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE) with a 7% separating gel and a 4% stacking gel. Molecular weight markers used were prestained SDS-PAGE standards (Bio-Rad, Richmond, CA, USA). Following transfer onto nitrocellulose membranes (Hybond-C Super; Amershara, Arlington, IL, USA), the membranes were treated with 5% dry milk in phosphate-buffered saline for 60 min at room temperature and incubated with the primary antibody at a dilution of 1:2500 for 16 h at 4°C. The antigen-antibody complex was detected using the Renaissance Western blot chemiluminescence reagent according to the manufacturer's protocol (Dupont NEN, Boston, MA, USA).
Analysis of data
The Western blots of the membrane fraction from each corpus luteum (n = 4) from each stage (early, mid-and late) of the luteal phase were analysed. Areas corresponding to the proteins were quantified by determining the intensity of individual bands on a Phosphorlmager Series 400 (Molecular Dynamics, Sunnyvale, CA, USA) using Image Quant 3.2 software. The densitometric values obtained were statistically analysed using a one-way analysis of variance to compare samples from each stage of luteal development Significant differences between the three developmental phases were determined using Student's Newman-Keuls test Differences were considered to be significant for P =s 0.001.
Results
ZO-1 protein was localized in all three stages of luteal tissue.
The intensity of immunoreactivity varied in the three stages of luteal development In the early luteal phase (Figure 1) , the staining intensity was comparatively lower than that observed in the mid-luteal phase (Figure 2) . Intense immunoreactivity at the periphery of the cells was observed in the luteal cells only, and not in adjacent connective tissue (Figure 3) . Immunoreactive products at the cell periphery were not observed in atretic corpora lutea (Figure 4 ) or in control tissue where the primary antibody was omitted ( Figure 5 ). In the baboon heart (Figure 6 ), the protein was localized to the intercalated discs of the myocardial muscle. In baboon liver tissue, the immunoreactivity was observed at the periphery of the liver cells (Figure 7) . In a Western analysis (Figure 8) , bands of immunopositivity were observed at 225 kDa only, suggesting the presence of the ZO-1 a + isoform and further confirming the irnmunohistological data. A Western analysis also indicated low concentrations of the protein in the early luteal phase (lane D), with maximum values significantly different (P =£ 0.001) in the mid-luteal (lane £) phase. The protein was undetectable in atretic corpora lutea (lane G). A single band at 225 kDa was also present in cardiac muscle (lane A) and liver tissue (lane H) (Figure 8) . A total of four separate tissues in each phase of luteal development were examined.
Discussion
We have demonstrated the presence of the tight junctionassociated protein ZO-1 in the baboon corpus luteum by immunohistochemistry and Western analysis. Tight junctions have not been identified previously by immunohistology in the corpus luteum.
It is evident that the intercellular space separating epithelial and non-epithelial cells is bridged by a number of specialized structures, including the tight junctions or zonula occludens, the adhesion junctions or zonula adherens, desmosomes and gap junctions. Morphologically, the luteal cells have characteristics that are associated with transcellular transport, and 97% of the cells are in contact with either a capillary or an interstitial space close to a capillary, as shown in the pregnant rat corpus luteum (Dharmarajan et al, 1985) . Our recent studies have identified the presence of both zonula adherens, by localizing the protein E-cadherin and E-cadherin-associated proteins |J-catenin and plakoglobin (Khan-Dawood et al, 1996) , and gap junctions, by localizing the presence of connexin-43, which is a component of the hexameric connexon (Khan- Dawood et al., 1996a) forming gap junctions; in this way, the presence of the components of the 'epithelial junctional complex' (Farquhar and Palade, 1963) has been demonstrated in the corpus luteum. We have also shown that the expression of both E-cadherin and connexin-43 may be regulated in this tissue.
Tight junctions form a narrow belt of intercellular contact, enabling plasma membranes of the adjacent cells to be in direct contact with each other and allowing cell-cell bonding. They are generally positioned at the apical and basolateral membrane domains of the cell (Farquhar and Palade, 1963) . These junctions are highly dynamic, regulated components of the cell surface, and such regulation may have a substantial impact on how cells function (Madara, 1989) . The function of these junctions is 2-fold: they act as 'barriers' by which the permeability of the tight junction determines the extent to which water, solutes and immune cells move in the paracellular space, or as a 'fence' because of their location between the apical and basolateral domains of the plasma membrane, thus participating in maintaining the asymmetric distribution of ion channels, pumps and carriers in the plasma membrane.
The cells comprising the parenchyma of the corpus luteum originate embryologically as non-steroidogenic cells which transform under the influence of gonadotrophins and various growth factors to the epitheloid oestrogen-producing cells of the follicle, and finally to the predominantly progesteronesecreting cells of the corpus luteum (Hseuh et al, 1984; Byskov, 1986; Amsterdam and Rotmensch, 1987; Gore-Langton and Armstrong, 1988) . In most species these cells are described as 'depicting a limited or variable degree of polarity of organelle' (Abel et al, 1975a) , seen in particular in the canine corpus luteum (Abel et al, 1975a,b) . They appear to be orientated mainly with their long axis towards a capillary space, in keeping with their role in synthesizing and secreting progesterone. This cellular polarity would suggest that the cells in the avascular region may cross-communicate with other cells via gap junctions, that lateral margin junctions would prevent cellular leakage and that the vascular pole would allow the products of the cells to reach the circulation (Abel et al, 1975b) .
ZO-1 is a member of a family of membrane-associated signalling proteins (Stevenson et al, 1986; Anderson et al, 1988) and is one of several proteins associated with tight junction formation. These include ZO-2, a 160 kDa protein, cingulin, 7H6 (Zhong et al, 1993) and P130 . It is suggested that these proteins may have multiple binding sites for proteins involved in signal transduction, regulating junction assembly and paracellular permeability. Assembly of the junctional complexes at the plasma membrane is intimately related, and association of these complexes with the cellular cytoskeleton appears to be of considerable importance. Cell-cell contacts involving ZO-1 appear to be involved in propagating cytoskeletal assembly signals following cadherin-mediated cell contact. The association of ZO-1 with the cytoskeleton suggests that the junctional complex may be involved in the movement of lipids to mitochondria for the synthesis of progesterone and the secretion of steroids into the apical capillary space (Hall and Almahbobi, 1992) .
Tight junctional barriers also evidently regulate die passage of leukocytes across both epithelial and endothelial cells probably by opening around the transmigrating leukocytes (Parsons et al, 1987) . The evidence that leukocytes are present in the corpus luteum throughout the luteal phase and the fact that increased movement of these cells occurs during the formation and demise of this tissue (Norman and Brannstrom, 1994) suggest that the role of tight junctions and immune cell migration may be closely related in luteal physiology.
In summary, the demonstration of the presence of ZO-1 in die baboon corpus luteum suggests that tight junctions may form an integral part of the cellular components of this tissue. The fact dial the concentrations of the protein vary through the luteal phase suggests that these junctions may be hormonally regulated by eidier endocrine mechanisms involving LH or paracrine/autocrine mechanisms involving locally produced hormones (Dawood et al, 1992) . Transforming growth factora has been shown to regulate glucocorticoid-stimulated ZO-1, causing the relocalization of the protein from the cell periphery to die cytoplasm (Buse et al, 1995) . Further investigations on die function and regulation of these junctions would be of relevance in luteal growm and demise.
